Various mitogenic or growth inhibitory stimuli induce a rapid change in the association of terminal oligopyrimidine (TOP) mRNAs with polysomes. It is generally believed that such translational control hinges on the mammalian target of rapamycin (mTOR)-S6 kinase pathway. Amino acid availability affects the translation of TOP mRNAs, although the signaling pathway involved in this regulation is less well characterized. To investigate both serum-and amino acid-dependent control of TOP mRNA translation and the signaling pathways involved, HeLa cells were subjected to serum and/or amino acid deprivation and stimulation. Our results indicate the following. 1) Serum and amino acid deprivation had additive effects on TOP mRNA translation. 2) The serum content of the medium specifically affected TOP mRNA translation, whereas amino acid availability affected both TOP and non-TOP mRNAs. 3) Serum signaling to TOP mRNAs involved only a rapamycin-sensitive pathway, whereas amino acid signaling depended on both rapamycin-sensitive and rapamycininsensitive but wortmannin-sensitive events. 4) Eukaryotic initiation factor-2␣ phosphorylation increased during amino acid deprivation, but not following serum deprivation. Interestingly, rapamycin treatment suggests a novel connection between the mTOR pathway and eukaryotic initiation factor-2␣ phosphorylation in mammalian cells, which may not, however, be involved in TOP mRNA translational regulation.
One of the strategies used by eukaryotic cells to maintain homeostatic steady state is to regulate the engagement of mRNAs in protein synthesis. This control, which is usually exerted at the level of translation initiation, may affect the majority of the mRNAs present in the cell or only a specific subset of them. Translational control of the terminal oligopyrimidine (TOP) 1 mRNAs represents specific regulation, although it does involve a considerable proportion of the cellular mRNAs since all vertebrate ribosomal proteins (RPs), as well as other proteins involved in translation, are encoded by TOP mRNAs (1) . Considering that ribosomal protein mRNAs have been estimated to be ϳ15% of the total cellular mRNA (2), inclusion of the non-ribosomal protein TOP mRNA (e.g. eukaryotic elongation factor-1␣ mRNA) would probably bring the figure to Ͼ20%. TOP mRNAs are identified by two major characteristics: (i) a 5Ј-terminal oligopyrimidine tract of 5-15 nucleotides and (ii) growth-associated translational up-regulation. It has been shown both in cultured cells and in vivo that perturbation of cell growth due to a variety of causes (development, mitogens, drugs, etc.) correlates with specific, rapid, and reversible changes in the association of TOP mRNAs with polysomes (1, 3) . About 30 -40% of each TOP mRNA is associated with polysomes in growth-inhibited cells and 65-75% in growth-stimulated cells (1) . Moreover, the distribution of any given TOP mRNA is bimodal, i.e. it is either fully loaded onto polysomes or stored as subpolysomal messenger ribonucleoprotein (3) (4) (5) . This appears to suggest that the regulation cannot be based solely on components of the translational machinery, but probably requires mRNA-specific translational regulators (6) . The TOP sequence is necessary for regulation, but other sequences in the 5Ј-untranslated region are probably also needed for full translational control (7) . Some putative transacting factors have been identified by their ability to bind in vitro to the 5Ј-untranslated region of TOP mRNA: the autoantigen La, which binds the TOP sequence, and cellular nucleic acid-binding protein (now called ZNF9), which binds a downstream region (8, 9) . Studies on the overexpression of autoantigen La in cultured cells support its role as a positive regulator of TOP mRNA translation (10) . However, this positive effect has not been confirmed in in vitro studies (11) . From the work of Fumagalli and Thomas (12) , TOP mRNA translational regulation has been linked to the activity of ribosomal protein S6 kinase (S6K). This multiply phosphorylated protein is activated in a complex way by a variety of extracellular stimuli through a pathway that includes the mammalian target of rapamycin (mTOR). A well characterized substrate of S6K1 is RPS6, although other targets in the translational apparatus have also been reported (13) . Studies using knockout mice for S6K1 show that a homologous kinase, S6K2 or S6K␤ (14 -16) , which was up-regulated in all tissues analyzed, was able to compensate partially for the lack of S6K1 (17) . Several lines of evidence support a role for S6K1 in TOP mRNA translational regulation: 1) there is a widely documented correlation between S6K1 activation and TOP mRNA translational up-regulation; 2) the mTOR inhibitor rapamycin prevents both S6K1 activation and the translational up-regulation of TOP mRNAs; 3) overexpression of a kinase-dead form of S6K1, which acts as a dominantnegative, suppresses mitogen-induced TOP mRNA translation; and 4) a rapamycin-resistant form of S6K1 protects TOP mRNA translational up-regulation from rapamycin inhibition (18) . A reasonable hypothesis is that S6K1 may act on TOP mRNA translational control through RPS6, but this has not been formally proven.
In the last few years, the phosphorylation and activation of S6K1 have also been observed in a variety of experimental systems (cultured cells and animal tissues) in response to amino acid refeeding (19) . Moreover, S6K1 activation is completely prevented by treatment with rapamycin, indicating that the effect is mediated by mTOR (20 -22) . These observations led to the hypothesis that mTOR acts as a central regulator of cell growth, integrating mitogenic signals, amino acid availability, and ATP concentration to control translation and ribosome biogenesis (23) (24) (25) . Consistent with a regulatory role of S6K1 in TOP mRNA translation also in response to amino acid sufficiency, Jefferson and co-workers (26) showed that oral administration of leucine to food-starved rats stimulates ribosomal protein mRNA translation and S6K1 activation. However, Meyuhas and co-workers (27) have challenged the causal relationship between S6K1 activation and TOP mRNA translational regulation following amino acid refeeding of cultured cells. In fact, they showed that alteration of S6K1 activation and S6 phosphorylation does not affect amino acid-induced TOP mRNA translational up-regulation, which remains, however, partially sensitive to rapamycin inhibition. Moreover, in a more recent study, the same group proposed a novel pathway for mitogen-mediated TOP mRNA translational activation (28) . They showed that the transduction of growth and mitogenic signals to TOP mRNA translation depends on PI 3-kinase (PI3K), but does not require either S6K1 or RPS6 phosphorylation. This suggests that the regulation of TOP mRNA translation is more complex than previously thought and may involve multiple signaling inputs.
This study is a further investigation on the relationship between serum-and amino acid-induced TOP mRNA translational regulation. We established an experimental system to monitor the effect of serum and/or amino acids on the polysomal association of TOP and non-TOP mRNAs. We addressed the involvement of PI3K, mTOR, and S6K1, but also of eukaryotic initiation factor (eIF)-2. In fact, phosphorylation of the ␣-subunit of eIF2 is one of the best characterized mechanisms for down-regulation of protein synthesis in eukaryotic cells in response to a variety of stresses, including nutrient starvation, iron deficiency, heat shock, and viral infection (29) . eIF2␣ phosphorylation inhibits nucleotide exchange on the eIF2 complex, attenuating translation of most mRNAs and reducing overall protein synthesis (30) . Among the four known mammalian eIF2␣ kinases, GCN2 is responsible for amino acid deprivationinduced eIF2␣ phosphorylation (31, 32) . Uncharged tRNAs that accumulate during amino acid starvation activate GCN2 by binding to its histidyl-tRNA synthetase-related C-terminal domain (30) . It has been shown in yeast that different phosphorylation events can activate (33) or inhibit (34) GCN2. In particular, it has been recently reported that the inhibitory phosphorylation is sensitive to rapamycin and dependent on TOR proteins, demonstrating a cross-talk between two major nutrient signaling pathways in yeast (35) . The results presented here suggest a similar previously unknown connection between the mTOR pathway and eIF2␣ phosphorylation in human cells.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HeLa cells were grown at 37°C in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM glutamine, 50 units/ml penicillin, and 50 g/ml streptomycin. For deprivation experiments, cells were transferred into serumand/or amino acid-free medium and incubated for 2 h. To stimulate the cells, serum or amino acids were added to the medium, and the incubation was continued for 1 h. Where indicated, rapamycin was used at 20 nM and wortmannin at 200 nM. For transient transfection, LipofectAMINE 2000 reagent (Invitrogen) was used according to the manufacturer's recommendations. Two g of PTEN plasmids were cotransfected with 0.5 g of green fluorescent protein-expressing plasmid to monitor transfection efficiency. After 24 h, cells were first observed with a fluorescence invertoscope and then harvested to prepare extracts for Western blotting.
Polysome Isolation-Cells (1-2 ϫ 10 6 ) that had been washed once with phosphate-buffered saline buffer (150 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , and 1.4 mM KH 2 PO 4 ) were lysed directly on the plate with 300 l of lysis buffer (10 mM NaCl, 10 mM MgCl 2 , 10 mM Tris-HCl (pH 7.5), 1% Triton X-100, 1% sodium deoxycholate, 0.2 units/l RNase inhibitor (Promega), and 1 mM dithiothreitol (DTT)) and transferred to a microcentrifuge tube. After 2 min of incubation on ice with occasional vortexing, the extracts were centrifuged for 5 min at 13,000 rpm in a cold room. The supernatant was frozen in liquid nitrogen and stored at Ϫ70°C or loaded directly onto a 15-50% linear sucrose gradient containing 30 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 10 mM MgCl 2 and centrifuged in a Beckman SW 41 rotor for 110 min at 37,000 rpm. Fractions were collected after monitoring the absorbance at 260 nm and treated directly with proteinase K.
Extraction and Analysis of RNA-Total RNA was extracted from cells or gradient fractions precipitated with ethanol by the proteinase K method (36) . For Northern analysis, RNA was fractionated on formaldehyde-agarose gels and transferred to GeneScreen Plus membrane (PerkinElmer Life Sciences). Northern blotting was performed essentially as recommended by the manufacturer. The TOP mRNA probes included human RPS6, RPS19, and eukaryotic elongation factor-1␣. The non-TOP mRNAs analyzed were human ␤-actin, superoxide dismutase, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). They were prepared by the random primer technique (36) using products of reverse transcription-PCR. Primers were designed according to sequences present the GenBank TM /EBI Data Bank. Quantitation of Northern blots was performed using a PhosphorImager with ImageQuant software (Amersham Biosciences).
S6K Assay and Immunoblotting-Cells were lysed on a plate with 100 mM NaCl, 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 20 mM EGTA, 1 mM EDTA, 1 mM DTT, 1 mM benzamidine, 0.1 mM phenylmethanesulfonyl fluoride, 80 mM ␤-glycerophosphate, and 1% Nonidet P-40 and collected into a microcentrifuge tube. After a 5-min incubation on ice with occasional vortexing, the extracts were centrifuged for 10 min at 13,000 rpm in a cold room. Protein concentrations were measured with a Bio-Rad protein assay kit, and equal amounts (3 g) of total protein were used to perform kinase assays as described (37) . Essentially total protein from each extract was incubated in 50 mM MOPS (pH 7), 10 mM MgCl 2 , 1 mM DTT, 0.1 mM ATP, and 20 mM ␤-glycerophosphate containing 3 Ci of [␥- 32 P]ATP and 20 g of 40 S ribosomal subunits. After 30 min at 37°C, the extracts were separated on a 12% SDS-polyacrylamide gel, and the radioactivity incorporated into RPS6 was measured by PhosphorImager analysis. For 4E-binding protein-1 (4E-BP1) immunoblot analysis, cytoplasmic extracts prepared as described above were precipitated with 6 volumes of 50% ethanol, 25% methanol, and 25% acetone and separated on a 15% SDS-polyacrylamide gel. Proteins were transferred to Immobilon membrane (Millipore Corp.) with a Hoefer electroblot apparatus. Membranes were developed as recommended by the manufacturer using anti-4E-BP1 antibody 11208 (38) , which recognizes all forms of the protein. For eIF2␣ immunoblot analysis, equal amounts of protein extracts prepared as described above were separated on 12% SDS-polyacrylamide gel and transferred to Immobilon membrane with the Hoefer electroblot apparatus. Transferred membranes were incubated with rabbit anti-phospho-Ser 51 eIF2␣ (Oncogene) or rabbit anti-eIF2␣ (Santa Cruz Biotechnology) antibody. Detection of immunoblots was carried out with SuperSignal reagent (Pierce). Quantification analyses were performed by light densitometry using ImageQuant software.
RESULTS
Experimental Setup-To prepare culture media, we used the following components: 1) a buffered solution containing salts, vitamins, and carbohydrates; 2) amino acids; 3) and dialyzed fetal bovine serum. Component 1 was always present under all conditions, whereas components 2 and 3 were removed and then added back individually or in combination. Moreover, stimulation with serum, amino acids, or both was carried out with or without rapamycin or wortmannin, which, when present, was added 30 min before amino acids and/or serum. Deprived cells were obtained by trypsinization and transferred to new dishes containing the appropriate culture medium. This procedure has been shown to shorten the time for response to serum deprivation in comparison with the simple replacement of the medium, although the effect on translation remains strictly serum-dependent (3).
Preliminary experiments indicated that the effects of either amino acid or serum deprivation were fairly stable between 1 and 4 h (data not shown). Therefore, we chose a starvation time of 2 h without further investigation into the effects of longer times of deprivation. On a similar basis, we decided to stimulate cells for 1 h. The translation of three TOP mRNAs (RPS19, RPS6, and eukaryotic elongation factor-1␣) and three non-TOP mRNAs (␤-actin, superoxide dismutase, and GAPDH) was assayed under the different culture conditions by the standard polysomal association technique, which measures the amount of mRNA associated with particles of different size (from heavy polysomes to light subpolysomal messenger ribonucleoprotein). The results are reported in two complementary ways: 1) as a linear plot of the percentage of mRNA present in each fraction of the extract separated on a sucrose gradient (the plot is superimposed on the absorbance profile of the gradient for the identification of the material present in each fraction) and 2) as a bar graph of the percentage of mRNA in polysomes obtained in each experiment by adding up the values of the polysomal fractions (fractions 1-5). In addition to an approximate quantification of the translated mRNA, the first representation allows a qualitative analysis of the size of the polysomes with which the mRNA is associated under each culture condition. The second, which is the average of at least three independent experiments (except where indicated), provides a more precise evaluation of the translational activity of each mRNA and allows a direct quantitative comparison between the different conditions. In addition to the translational activities of the mRNAs, we also monitored S6K1 activity and the phosphorylation status of 4E-BP1 (another target of mTOR signaling (39)) following the different treatments. S6K1 activity was estimated on the basis of an in vitro enzyme assay. For 4E-BP1 phosphorylation, we performed Western blotting with an antibody recognizing all forms of the protein. The immunoblot revealed two bands corresponding to hypophosphorylated and hyperphosphorylated forms. After quantitation by densitometry, the hyperphosphorylated/total signal ratio is reported as a percentage in Fig. 1C . The results of both S6K1 activity and 4E-BP1 phosphorylation are reported next to the polysomal analyses to allow a direct correlation.
Effects of Serum and Amino Acid Deprivation- Fig. 1 shows the results of analysis of cells that, after overnight growth in complete medium, were deprived of serum (panels 2), amino acids (panels 3), or both (panels 4). All three TOP mRNAs analyzed exhibited a similar response to these treatments. Serum deprivation had a limited but reproducible effect on the percentage of all three TOP mRNAs found in polysomes (decrease from 70 to 45%), but the average size of the polysomes with which they associated did not change. This treatment did not affect the distribution of any of the non-TOP mRNAs analyzed.
Amino acid deprivation had a stronger effect than serum deprivation on TOP mRNAs, both quantitatively (decrease in the proportion associated with polysomes from 70 to 35%) and qualitatively (decreased average polysomal size). Non-TOP mRNAs showed a substantial variation of response to amino acid deprivation, with ␤-actin mRNA being almost insensitive (from 87 to 82%) and GAPDH mRNA being the most affected (from 82 to 57%). Moreover, there was a decrease in average polysomal size for all three mRNAs. Deprivation of serum and amino acids had the strongest effect both on TOP and non-TOP mRNAs. This treatment caused a drastic reduction of polysomes in the cells (Fig. 1, absorbance profiles of panels 4) , and very little of the TOP mRNAs were still engaged in translation. A differential effect on the non-TOP mRNAs was observed, with GAPDH mRNA again being the most affected (from 82 to 34%). Deprivation of serum and amino acids also affected 4E-BP1 phosphorylation and S6K activity. In fact, as shown in Fig.  1C , the proportion of hyperphosphorylated 4E-BP1 changed from ϳ75 to 26% during serum deprivation and to almost undetectable levels during amino acid or serum and amino acid deprivation. Similarly, S6K activity fell to ϳ40% of the controls during serum or amino acid starvation and to ϳ25% of the controls in the absence of both medium components. The inhibitory effect of serum and amino acid deprivation on 4E-BP1 phosphorylation and S6K activity has been described previously (12, 20, 22, 40 -43) . We observed a good correlation between the changes in these two regulators and the decrease in polysomal association of TOP and non-TOP mRNAs, consistent with their role in translation and their regulation by the amino acid and serum-sensitive mTOR pathway. These treatments also resulted in a graded decrease in the overall polysome content of the cells, with serum deprivation having a small effect, whereas removal of both amino acids and serum caused a very marked decrease in overall polysome content (Fig. 1) .
Serum Stimulation- Fig. 2 shows the effect of adding serum to serum-deprived cells (panels 2) without (panels 2-I) or with (panels 2-II) rapamycin pretreatment. The results indicate that serum stimulation caused TOP mRNAs to recover completely the degree of polysomal association seen in control cells and that rapamycin totally abolished this recovery. In contrast, but as expected from the data in Fig. 1 , non-TOP mRNAs were not affected by these treatments. 4E-BP1 phosphorylation and S6K activity also recovered to almost control levels upon serum stimulation. As expected, such recovery was completely blocked by rapamycin in both cases; the values actually fell below the minus-serum levels in each case. Consistent with the observation that serum deprivation did not affect the polysomal association of non-TOP mRNAs (Fig. 1) , addition of serum also had no effect.
These data are consistent with the idea that serum promotes the association of TOP mRNAs with polysomes by a mechanism that requires signaling through mTOR. However, rapamycin did not decrease the level of polysome-associated TOP mRNAs below that seen in the presence of amino acids alone, indicating that the basal level of polysomal TOP mRNAs is maintained by mechanism(s) that do not involve mTOR.
Amino Acid Stimulation-We then studied the effect of restoring amino acids to amino acid-deprived cells (Fig. 3, panels  3 ) in the absence (panels 3-I) or presence of rapamycin (panels 3-II) or wortmannin (panels 3-III). In response to addition of amino acids, both the TOP and non-TOP mRNAs showed a complete recovery of polysomal association and average polysomal size. In fact, the percentage of mRNA in polysomes was even slightly higher than in cells that had not been starved of amino acids (cf. Fig. 1 ). Rapamycin differentially affected the two classes of mRNAs: the recovery of polysomal association of non-TOP mRNAs was insensitive to the drug, whereas that of TOP mRNAs was substantially inhibited by rapamycin. Inter-estingly, regaining the average polysomal size of TOP mRNAs did not appear to be affected by rapamycin. Furthermore, the effect of rapamycin on the polysomal association of TOP mRNAs was incomplete, with only roughly half the response to amino acids being blocked. In contrast, but similar to the picture for serum stimulation, 4E-BP1 phosphorylation and S6K activity recovered to control levels after amino acid addition, and recovery was totally blocked by rapamycin. Therefore, in this context, TOP mRNA translational regulation correlates only partially with 4E-BP1 phosphorylation and S6K activity. This suggests that, in comparison with serum, amino acids signal to TOP mRNA translation through additional pathways.
We also studied the effect of the PI3K inhibitor wortmannin. Its effect varied between the different mRNAs studied here. Although the polysomal recovery of all the TOP mRNAs was completely inhibited by this drug, among the non-TOP mRNAs, FIG. 1 . Effect of serum and/or amino acid deprivation. After overnight growth in complete medium (panels 1, control (cont)), cells were incubated for 2 h in medium lacking serum (panels 2, SϪAϩ), amino acids (panels 3, SϩAϪ), or both (panels 4, SϪAϪ). A, cytoplasmic extracts prepared from the cells were separated on sucrose gradients and collected while monitoring absorbance at 260 nm. RNA extracted from each fraction was analyzed on Northern blots with probes for the indicated TOP mRNAs (RPS19, RPS6, and eukaryotic elongation factor-1␣ (eEF1␣)). Quantitation of the signals is reported as a linear plot of the percentage of mRNA in each fraction (left panels) and as a bar plot of the percentage of mRNA in polysomes (right panels) obtained adding up the values of fractions 1-5. In the left panels, the first fraction corresponds to the bottom of the gradient, and the absorbance profile is outlined (gray areas) in the background of each plot, with a black arrow indicating the position of 80 S ribosomes. The left panels represent one experiment as an example, whereas the right panels (bar plots) report the mean Ϯ S.E. of at least three independent experiments. B, the same experiment was carried out as described for A using three non-TOP mRNA probes (␤-actin (␤-act), GAPDH (GAPD), and superoxide dismutase (SOD)). C, the same cells were used to prepare extracts for S6K assays and for immunoblotting with anti-4E-BP1 antibody. For S6K activity, the amount of phosphorylated RPS6 was measured by PhosphorImager analysis, and the results are reported as percentage of controls (means Ϯ S.E. of three experiments). Upon 4E-BP1 analysis, the Western blot showed two bands that we identified as hypophosphorylated and hyperphosphorylated forms. After quantitation by densitometry, the proportion of total 4E-BP1 in the hyperphosphorylated form is reported as a percentage. Only one experiment is reported; and therefore, quantitation is only indicative. D, shown is an example of a 4E-BP1 Western blot autoradiograph and a S6K assay.
only the recovery of GAPDH mRNA was totally blocked, with only a slight effect on actin and superoxide dismutase mRNAs being observed. It is notable that the effect of wortmannin on the TOP mRNAs was therefore greater than that of rapamycin. This may point to the involvement of additional mechanisms, beyond mTOR signaling, in their regulation by amino acid supply. This would agree with the data of Meyuhas and coworkers (27) , who reported that amino acid regulation of TOP mRNA translation involves signaling through PI3K (see also "Discussion"). Alternatively, it is possible that some outputs from mTOR are not blocked by rapamycin, but are inhibited by wortmannin.
Another striking feature of the polysome profiles in Fig. 3 is that, although rapamycin did not inhibit the overall amino acid-induced recovery of polysomes, which was accompanied by a very marked decrease in the 80 S peak, wortmannin completely blocked both effects. This indicates that wortmannin is able to block a general recovery of cellular translation induced by amino acids, whereas the inhibitory effect of rapamycin is not evident at the level of general polysomal engagement. Wortmannin thus appears to block signaling events induced by amino acids that control overall translation initiation (polysome assembly), but that are not affected by rapamycin and thus presumably do not involve mTOR.
Stimulation by Serum and Amino Acids-In view of the above findings, we considered it important to analyze the effects of serum or amino acid stimulation after deprivation of both components in cells. As shown in Fig. 4 , in such cells, serum elicited a partial recovery of the polysomal association of TOP mRNAs (panels 4-I). TOP mRNAs regained the qualitative and quantitative levels of polysomal association seen in Fig. 1 (panels 3) (i. e. again cells that were provided with serum, but not amino acids). This recovery was partially inhibited by rapamycin (panels 4-II) . Non-TOP mRNAs also regained polysomal association (panels 4-I) following addition of serum, but this recovery was not affected by rapamycin (panels 4-II). Serum enhanced 4E-BP1 phosphorylation and S6K activity only very weakly, if at all, in the absence of amino acids, consistent with earlier findings from several studies (reviewed in Ref. 19) .
After stimulation of cells with amino acids in the absence of serum (Fig. 4, panels 4-III) , a more marked recovery of polysomal association of TOP mRNAs was evident, reaching a slightly higher level compared with Fig. 1 (panels 2) (same final culture conditions obtained after different starvation treatments). Rapamycin (Fig. 4, panels 4-IV) clearly inhibited the recovery, albeit incompletely, as also observed in Fig. 3 . TOP mRNAs still regained the same average polysomal size in the presence of rapamycin, but the proportion of total TOP mRNA in polysomes was decreased. Amino acid replenishment was sufficient for non-TOP mRNAs to recover a degree of polysomal association similar to that of controls in complete medium. Rapamycin had a slight positive effect on this, which was most evident for GAPDH mRNA. The relatively stronger effect of amino acid replenishment compared with addition of serum was also evident for 4E-BP1 phosphorylation and S6K activity, which reached values slightly higher than those in Fig. 1 (panels 2) (same final culture conditions obtained following different starvation treatments) and markedly higher than following addition of serum, especially for 4E-BP1. Rapamycin (Fig. 4 , panels 4-IV) totally blocked these effects.
Finally, after deprivation of both serum and amino acids, cells were stimulated with serum and amino acids without (Fig.  4 , panels 4-V) or with (panels 4-VI) rapamycin. In this case, the stimulation caused a strong and complete recovery of the polysomal association of both TOP and non-TOP mRNAs to the controls levels in complete medium. Rapamycin had a clear, but again only partial inhibitory effect on the proportion of TOP mRNAs associated with polysomes. This drug also showed a
FIG. 2. Serum stimulation of serum-starved cells. After 2 h of growth in serum-free medium (panels 2, SϪAϩ), cells were stimulated for 1 h with serum (panels 2-I, SϪAϩ 3 SϩAϩ) or treated for 30 min with rapamycin and then stimulated for 1 h with serum (panels 2-II, SϪAϩ R 3 SϩAϩ)
. Experiments are reported as described in the legend to Fig. 1. eEF1␣ , eukaryotic elongation factor-1␣; ␤-act, ␤-actin; GAPD, GAPDH; SOD, superoxide dismutase. modest inhibitory effect on non-TOP mRNAs, with GAPDH mRNA being the one most affected by the drug. These data again point, first, to a greater effect of amino acids compared with serum alone on TOP mRNA translation and, second, to the inability of rapamycin to fully block the stimulation of the association of these mRNAs with polysomes in response to amino acids.
eIF2␣ Phosphorylation-Given the lack of a tight correlation between the phosphorylation of 4E-BP1 and S6K on one hand and the polysomal association of the TOP mRNAs on the other, especially in response to resupplying amino acids, it seemed possible that the control of these mRNAs might (also) involve the modulation by amino acids of other components of the translational machinery. Phosphorylation of the ␣-subunit of eIF2 is a well documented response of eukaryotic cells to amino acid deprivation (30) . To investigate the possible involvement of eIF2␣ phosphorylation in the translational regulation of the TOP mRNAs in response to amino acid and/or serum deprivation or stimulation, we examined the level of eIF2␣ phosphorylation by Western blot analysis using antisera against total or phosphorylated eIF2␣. After overnight growth in complete medium, cells were starved of amino acids for 2 h. The amino acid content of the medium was then restored without or with pretreatment with wortmannin or rapamycin. As a control, we also analyzed serum-starved cells and cells treated with DTT. This last treatment is known to induce eIF2␣ phosphorylation (44) and caused a strong inhibition of TOP as well as non-TOP mRNA translation, similar to deprivation of both serum and amino acids, with a drastic decrease in mRNA in polysomes and polysomal size (data not shown). Fig. 5A shows the average of data from at least three experiments with the value of stimulated cells (AϪSϩ 3 AϩSϩ) as reference (set to 1 and, as a consequence, this value does not have S.E.). The results indicate that amino acid deprivation induced a considerable increase in eIF2␣ phosphorylation, whereas serum deprivation did not. Conversely, amino acid replenishment decreased the level of phospho-eIF2␣. Interestingly, both wortmannin and rapamycin largely blocked this recovery, suggesting the possible involvement of the PI3K-mTOR pathway in this phenomenon. To further investigate this issue, the phosphorylation status of eIF2 was analyzed in exponentially growing cells that had been treated with rapamycin or wortmannin. The results shown in Fig. 5B indicate that, also in this case, the two inhibitors caused a clear increase in phospho-eIF2␣ levels.
As an additional experiment to prove a connection between the PI3K-mTOR pathway and eIF2␣ phosphorylation, we interfered with PI3K signaling by overexpressing PTEN (phosphatase and tensin homolog deleted from chromosome 10). This lipid phosphatase reverses the reaction catalyzed by PI3K on phosphatidylinositides and therefore inhibits the downstream signaling events (45) . We used plasmid pSG5L-HA-PTEN, which encodes hemagglutinin-tagged PTEN, and control plas- Experiments are reported as described in the legend to Fig. 1. eEF1␣ , eukaryotic elongation factor-1␣; ␤-act, ␤-actin; GAPD, GAPDH; SOD, superoxide dismutase; n.d., not determined. mid pSG5L-HA-PTEN(G129E), which encodes a defective form of the phosphatase that lacks lipid phosphatase activity (46) , in transient transfection experiments in HeLa cells. Cells were cotransfected with a plasmid encoding green fluorescent protein to monitor transfection efficiency by fluorescence microscopy, and this was estimated to be Ͼ60% (data not shown). As shown in Fig. 6 , expression of PTEN, but not of the defective form, caused an increase in phospho-eIF2␣ levels, confirming that PI3K signaling negatively regulates eIF2␣ phosphorylation.
DISCUSSION
The translational regulation of TOP mRNAs appears to be used by eukaryotic cells (with the exception of yeast) as a system to rapidly adjust the requirement for components of the protein synthetic apparatus. In general, the translation status of such a conspicuous class of messengers is positively correlated with the growth rate of the cell (1). In fact, a variety of growth-promoting agents and mitogens have been shown to stimulate TOP mRNA translation (1). Amino acid sufficiency has also been shown to affect TOP mRNA translation (26, 27) . The components of the pathways involved in the transduction of mitogenic and nutrient signals to TOP mRNAs are still the subject of investigation, although mTOR and S6K1 have been implicated in their regulation by several authors (18, 26, 47) . However, the responses to mitogenic and nutrient signals have never previously been directly compared in the same experimental system.
To investigate this issue and therefore to investigate correlations between the different signaling pathways, we used HeLa cells that had been subjected to deprivation of and stimulation by different culture medium components. In particular, we used serum to exemplify a mitogenic stimulus and amino acids to provoke a nutrient-sensing response. We took great care in establishing minimal conditions to elicit TOP mRNA translational response. In fact, we used a quite short serum deprivation time (2 h) compared with most other studies, and we think that this may be relevant to minimize the crossinterference of the different pathways and to avoid adverse effects of long-term serum removal. A first general observation that we can make by looking at the results of all treatments (deprivations and stimulations) is that serum and amino acids FIG. 4 . Serum and/or amino acid stimulation of serum-and amino acid-starved cells. After 2 h of growth in serum-and amino acid-free medium (panels 4, SϪAϪ), cells were stimulated for 1 h with serum (panels 4-I, SϪAϪ 3 SϩAϪ) or treated for 30 min with rapamycin and then stimulated for 1 h with serum (panels 4-II, SϪAϪ R 3 SϩAϪ); stimulated for 1 h with amino acids (panels 4-III, SϪAϪ 3 SϪAϩ) or treated for 30 min with rapamycin and then stimulated for 1 h with serum (panels 4-IV, SϪAϪ R 3 SϪAϩ); or stimulated for 1 h with serum and amino acids (panels 4-V, SϪAϪ 3 SϩAϩ) or treated for 30 min with rapamycin and then stimulated for 1 h with serum and amino acids (panels 4-VI, SϪAϪ R 3 SϩAϩ). Experiments are reported as described in the legend to Fig. 1. eEF1␣ , eukaryotic elongation factor-1␣; ␤-act, ␤-actin; GAPD, GAPDH; SOD, superoxide dismutase. appear to signal to TOP mRNA translation independently of each other. In fact, we observed the same TOP mRNA translational activity either if we took out one component (e.g. amino acids) after growth in complete medium or if we added the other component (serum) after growth in saline solution (compare Figs. 1 (panels 2) and 4 (panels 4-III) and Figs. 1 (panels  3) and 4 (panels 4-I) ). Consistently, deprivation of serum and amino acids showed an additive negative effect on TOP mRNA translation compared with deprivation of just one of these components. However, amino acids had a much more pronounced effect than serum in both deprivation and replenishment experiments. Another general comment on our data is that, in their translational response to alterations of the medium, TOP mRNAs appear to be essentially homogeneous, whereas non-TOP mRNAs exhibit more variability. This indicates that less evident mRNA features may define subclasses of other messengers with different regulatory characteristics and that we must be cautious in the definition of "general" translational control mechanisms.
In agreement with earlier work (12, 20, 22, 40 -43) , both the activity of S6K and the phosphorylation of 4E-BP1 were altered in response to changes in the serum and amino acid content of the medium. Moreover, the stimulation of both S6K activity and 4E-BP phosphorylation was sensitive to rapamycin, again in agreement with previous work. These effects provide a positive control for the effectiveness of rapamycin. In addition, rapamycin blocked the up-regulation of TOP mRNA translation following serum stimulation, in agreement with what has been shown by others (18, 47) . Since, in our experimental system, serum deprivation affected only TOP mRNAs and not the non-TOP mRNAs that we studied, the rapamycin effect seems to be specific for this class of messengers. These data also confirm the involvement of mTOR in mitogen-stimulated TOP mRNA translational up-regulation. In the case of amino acid stimulation, rapamycin also exhibited a clear inhibitory effect on the translational activation of TOP mRNAs. However, in contrast to the situation with serum stimulation, the effect was only partial and did not prevent a substantial recovery of polysomal association. It is interesting to note that, in the presence of rapamycin, a full recovery was evident at the level of average polysomal size (Fig. 3, panels 3-II) , resulting in a TOP mRNA translational pattern (qualitative and quantitative) that was very similar to what was observed in serumstarved cells (Fig. 1, panels 2) . These results suggest that amino acids signal to TOP mRNA in at least two distinct ways: 1) via a rapamycin-sensitive pathway that affects the proportion of TOP mRNAs in polysomes, but that does not alter their polysomal size, and 2) via a rapamycin-insensitive pathway that causes a change in the average number of ribosomes associated with a TOP mRNA (i.e. polysomal size).
Furthermore, the analysis of non-TOP mRNAs allows the addition of further detail to this idea. In fact, all three non-TOP mRNAs analyzed responded to amino acid deprivation, albeit to differing extents: actin mRNA shifted into smaller polysomes, whereas superoxide dismutase and GAPDH mRNAs showed decreases in both polysomal size and the amount of polysome-associated mRNA. It is possible that such differences may reflect differential sensitivity of the three mRNAs to the same inhibitory events, perhaps due to differing structural features. Moreover, the recovery of the translational activity of FIG. 5 . eIF2␣ phosphorylation under different culture conditions. A, cells were cultured under the following conditions: overnight in complete medium (AϩSϩ), 30-min incubation with DTT and 2 h in serum-free medium (AϩSϪ), 2 h in amino acid-free medium (AϪSϩ), and 2 h in amino acid-free medium plus 1 h in complete medium without (AϪSϩ 3 AϩSϩ) or with a 30-min pretreatment with wortmannin (AϪSϩ W 3 AϩSϩ) or rapamycin (AϪSϩ R 3 AϩSϩ). Equal amounts of cell extracts (50 g of proteins) derived from each preparation were subjected to Western blotting using antisera specific for phospho-eIF2␣ and total eIF2␣. Western blot autoradiographs were analyzed by light densitometry, and the results are reported as the ratio between phospho-eIF2␣ and eIF2␣ signals. As an internal reference in each experiment, we set the value of stimulated cells (AϪSϩ 3 AϩSϩ) as 1. The results shown represent the means Ϯ S.E. of at least three different experiments. Examples of the Western blots are shown. B, growing cells (AϩSϩ) were treated for 30 min with rapamycin (AϩSϩ R) or wortmannin (AϩSϩ W). Equal amounts of cell extracts (50 g of proteins) derived from each preparation were subjected to Western blotting using antisera specific for phospho-eIF2␣ and total eIF2␣. Western blot autoradiographs were analyzed by light densitometry, and the results are reported as the ratio between phospho-eIF2␣ and eIF2␣ signals, taking sample AϩSϩ as 1. The Western blots are shown.
FIG. 6.
Effect of overexpression of PTEN on eIF2␣ phosphorylation. Western blot analysis was carried out with HeLa cells transiently transfected with plasmid expressing wild-type PTEN or PTEN(G129E). Cell extracts (30 g of proteins) were subjected to Western blotting using antisera specific for phospho-eIF2␣ and total eIF2␣ as indicated. Cont, untransfected cells.
all three non-TOP mRNAs upon amino acid replenishment was not inhibited by rapamycin (see also below).
An attractive and simple hypothesis is that amino acid sufficiency signals to the translation of both TOP and non-TOP mRNAs through the same rapamycin-insensitive pathway that causes a decrease in overall polysomal size. The fact that polysomes are lost along with the polysomal association of both TOP and non-TOP mRNAs suggests that this mechanism operates on the general translational machinery. In addition to this common pathway, nutrients activate a TOP mRNA-specific rapamycin-sensitive pathway that shares some components with the pathway activated by serum stimulation. To add further detail to our model, we analyzed the effect of the PI3K inhibitor wortmannin on the amino acid-mediated activation of mRNA translation in starved cells. In fact, the involvement of PI3K in amino acid-stimulated TOP mRNA translation has been recently reported by Meyuhas and co-workers (27) . They used three different approaches to block PI3K signaling in amino acid-stimulated cells: (i) treatment with the PI3K inhibitor LY294002, (ii) overexpression of the lipid phosphatase PTEN, and (iii) overexpression of a dominant-negative form of the PI3K regulatory subunit p85. In all cases, they observed inhibition of amino acid-induced activation of TOP mRNA translation, indicating that amino acids signal to TOP mRNA translation through a PI3K-dependent pathway. Consistent with their findings, we found that pretreatment with wortmannin completely abolished the effect of amino acid replenishment on both TOP and non-TOP mRNAs and the ability of amino acids to promote polysome formation. Assuming that the additional effect of wortmannin compared with rapamycin reflects inhibition of PI3K, our results indicate that PI3K is necessary for activation of the rapamycininsensitive pathway mentioned above.
Before postulating a totally novel ad hoc signaling pathway, we decided to investigate a translational regulator known to play a role in the nutrient deficiency response, viz. eIF2␣. Increased phosphorylation of eIF2␣ occurs in response to a variety of stress conditions, including amino acid starvation (31, 32) . Moreover, few mRNAs escape translational inhibition mediated by eIF2␣ phosphorylation (32, 48, 49) ; and therefore, TOP mRNA translation should be inhibited by an increase in eIF2␣ phosphorylation. Accordingly, we observed translational inhibition of TOP mRNAs following DTT treatment that caused a drastic increase in eIF2␣ phosphorylation (data not shown). Analysis of amino acid-deprived cells showed a 4-fold increase in the level of phospho-eIF2␣, whereas serum deprivation did not elicit a similar response. Interestingly, the decrease in eIF2␣ phosphorylation induced by amino acid replenishment was, at least partially, blocked by the PI3K inhibitor wortmannin as well as by the mTOR inhibitor rapamycin. Moreover, the two inhibitors also induced an increase in phospho-eIF2␣ levels if administered to exponentially growing cells, suggesting a connection between the PI3K and mTOR pathway(s) and eIF2␣ phosphorylation. This is further confirmed by the observation that overexpression of the lipid phosphatase PTEN caused an increase in phospho-eIF2␣ levels. However, as rapamycin blocked the dephosphorylation of eIF2␣ induced by amino acids, a role for increased phosphorylation of eIF2␣ in the rapamycin-independent regulation of TOP mRNA translation in response to amino acids can apparently be excluded. Furthermore, this same finding also apparently rules out a role for eIF2␣ phosphorylation in regulating overall polysome accumulation in response to amino acid addition (since amino acids still restore polysome content in the presence of rapamycin) (Fig. 3) . The sensitivity to rapamycin and wortmannin and to the overexpression of PTEN suggests that eIF2␣ phosphorylation is dependent on mTOR as a downstream effector of PI3K. It has been recently shown in yeast that rapamycin regulates the phosphorylation and activity of GCN2 and therefore eIF2␣ phosphorylation (35) . Although the phosphorylation site in GCN2 involved in this regulation is in a region that is not conserved in mammals, it is possible that a similar mechanism may involve different sites in higher eukaryotes. Our observations suggest that the cross-talk between two major pathways for response to nutrient availability (GCN2 and mTOR) is conserved from yeast to humans.
In this study, we have looked in parallel at the effects of amino acids and serum on TOP mRNA translation. Our findings add to our view of the control of TOP mRNA translation by revealing that both rapamycin-sensitive and rapamycin-insensitive mechanisms are involved, which may go some way to explain apparent conflicts between earlier studies (12, 18, 27, 28) . A working model consistent with our observations is depicted in Fig. 7 and can be summarized by the following points. 1) Serum stimulation (with our procedure) induces TOP mRNA translational up-regulation through a rapamycin-sensitive pathway. This signaling does not affect the non-TOP mRNAs analyzed in this study. We did not address whether other kinds of non-TOP mRNAs, e.g. those with "highly structured" 5Ј-untranslated regions, were affected. Importantly, serum signaling does not change polysomal size, but only causes a relocalization of a proportion of TOP mRNAs into subpolysomal particles. 2) Amino acid signaling to TOP mRNA translation involves rapamycin-sensitive and rapamycin-insensitive but wortmannin-sensitive pathways. The rapamycin-sensitive pathway specifically affects TOP mRNAs and probably shares components with the serum-dependent pathway. In addition, the novel connection mTOR-eIF2␣ may play a role in this pathway. The other pathway (which is insensitive to rapamycin, but blocked by wortmannin) signals to all mRNAs. A particularly good candidate as a missing component in the signaling of amino acids to translation could be eIF2B, the activation of which has been shown to be PI3K-dependent, but independent of mTOR (30, 50 -52) . Alternatively, we have to hypothesize a novel component downstream of PI3K that signals amino acid sufficiency to TOP and non-TOP mRNAs in an mTOR-independent way, as suggested by Meyuhas and co-workers (27) . Therefore, the comparison of serum-dependent and amino aciddependent translational regulation of TOP mRNAs suggests the following conclusions. 1) Mitogenic stimulation affects TOP mRNAs essentially through mTOR and possibly (although we have not directly addressed the question) S6K, as indicated by Thomas and co-workers (12, 18); and 2) amino acid signaling to TOP mRNAs, although partly dependent on mTOR, requires an additional pathway that is inhibited by wortmannin and may involve PI3K, but that is independent of mTOR, as proposed by Meyuhas and co-workers (27) .
A final remark is that the change in polysomal size (associated with TOP and non-TOP mRNAs) observed in amino aciddependent regulation is presumably caused by alterations in the activity of a general translation factor. (It affects stochastically only some translation initiation events.) Therefore, the relevant signaling component regulated by amino acid availability in an mTOR-independent manner probably is, or affects, a general translation factor. In contrast, during serum-dependent translational regulation, the size of the TOP mRNA-associated polysomes does not change, although the percentage of TOP mRNA in polysomes does change (bimodal distribution) (3) (4) (5) . This indicates that some factor or component specifically regulates the association of TOP mRNAs with polysomes (i.e. presumably the initiation of their translation) in an mTOR-dependent manner.
